A new cysteine proteinase was isolated from the digestive juice of the American lobster (Homarus americanus). The enzyme was purified by a combination of affinity and ion-exchange chromatography and gel filtration. The cysteine proteinase accounted for 80 % of the proteolytic activity in the lumen of the hepatopancreas. The most potent heavy-metal inhibitors were Hg, Cu, and Ag ions. Inhibition by organic proteinase inhibitors, including E-64 [L-trans-epoxysuccinyl-leucylamido-(4-guanidino)butane] and activation of the enzyme by 2-mercaptoethanol and dithiothreitol are characteristic of cysteine proteinases. Several similarities to papain are noted and include the N-terminal sequence, of which 22 of the first 28 amino acids are identical. Some notable differences are the higher Mr of 28000 compared with 23350 for papain, and the low isoelectric point (pl 4.5) of the lobster enzyme. The effects of pH and temperature on catalytic activity of the lobster proteinase were studied with benzyloxycarbonylalanine p-nitrophenyl ester as the substrate. The kcat./Km value was effectively temperature-independent between 10 and 60 'C. The pH-activity profile for the lobster enzyme revealed four apparent protonation states, of which only two are active.
INTRODUCTION
Cysteine proteinases have been isolated from a wide range of sources, including higher-plant fruit and latex, animal tissues and bacteria. For papain, the most studied of these enzymes, the structure and mechanism of action is known in considerable detail . Cysteine proteinases do not often function in a digestive role. However, Reid & Rauchert (1976) and Chen & Zall (1986) found digestive cathepsin-B type enzymes in clams, and Garcia et al. (1978) , Houseman (1978) and Houseman & Downe (1982) reported the principal digestive proteinase of some blood-feeding insects to be thiol-dependent. Recently, Kitch & Murdoch (1986) described a thiol-dependent proteinase from the digestive tract of larvae of the bruchid beetle Callosobruchus masculatus.
Digestive enzymes in the gastric juice of the American lobster (Homarus americanus) were surveyed by Brockerhoff et al. (1970) , who reported at least seven proteolytic enzymes separable by ion-exchange chromatography, and with Mr values in the range 12500-50000.
It was suggested that one of these enzymes was similar to the so-called 'low molecular weight protease' isolated from gastric juice of the freshwater crayfish (Astacus fluviatilis) (Pfleiderer et al., 1967) . The apparent low Mr of 000 for the crayfish enzyme has since been shown to be attributable to its anomalous behaviour on Sephadex columns (Titani et al., 1987) .
Our preliminary studies with lobster gastric juice showed that more than 80 of the proteolytic activity, as assayed using casein as the substrate, did behave in a similar manner to the crayfish proteinase on Sephadex columns, but had the quite distinct catalytic properties characteristic of a cysteine proteinase. In the present paper we describe the purification and characterization of this new cysteine proteinase.
MATERIALS AND METHODS
Gastric juice was obtained from lobsters starved for 1 week and kept in seawater tanks at 5-10 'C. A 10 cm length of poly(vinyl chloride) (PVC) tube (3 mm outer diameter; 1 mm inner diameter) was inserted into the stomach via the mouth, and 6-10 ml of fluid was drawn into a syringe. The Laemmli (1970) .
The pl was determined by isoelectric focusing in an LKB apparatus at 2 'C with a stabilizing sucrose concentration gradient and an Ampholine gradient, pH Vol. 263 Abbreviations used: PAGE, polyacrylamide-gel electrophoreses; PVDF, poly(vinylidine difluoride); PTH, phenylthiohydantoin; Cbz-Lys-ONp, benzyloxycarbonyl-lysine p-nitrophenyl ester; DTT, dithiothreitol; QAE, quaternary aminoethyl; E-64, L-trans-epoxysuccinyl-leucylamido-(4-guanidino)butane; Nbs2, 5,5'-dithiobis-(2-nitrobenzoic acid) ('DTNB'). 439 M. V. Laycock and others range 3-10, at 1000 V for 72 h. The column was fractionated and enzyme activity and pH determined for each fraction.
Protein was determined by the Coomassie Blue method of Bradford (1976) .
Amino acid analyses were performed on protein samples hydrolysed for 24, 48 and 72 h with 6 M-HCI in evacuated sealed tubes at 110°C with a Durrum D500 analyser. Serine and threonine were calculated by linear extrapolation to zero time. Half-cystine was measured as cysteic acid after performic oxidation. Tryptophan was analysed after hydrolysis with methanesulphonic acid as described by Liu & Chang (1971) .
Samples for sequence analysis (5 ,ug, 400 pmol) were loaded on to a mini gel (10 cm x 10 cm, 0.5 mm thick) and electrophoresed through a pre-aged (1 week at 4°C) 15 % acrylamide running gel as described by Laemmli (1970) , using a Bio-Rad Mini-Protean II cell (Bio-Rad Laboratories, Richmond, CA, U.S.A.). After electrophoresis the gel was soaked in transfer buffer and electroblotted on to poly(vinylidine difluoride) (PVDF) membrane (Millipore Corp., Bedford, MA, U.S.A.) by the method of Matsudaira (1987) . The staining procedure for the electroblotted membrane was modified from the original description of Matsudaira (1987) Covalent chromatography. Thiopropyl-Sepharose 6B (15 g) was activated before use by washing with 1 mm-DTT and 20 mM-cysteine in 100 mM-Tris/HCl buffer, pH 8.0 (200 ml), followed by 1.5 mM-2,2'-dithiodipyridine in pH 8.0 buffer (750 ml), then with 100 mM-sodium acetate buffer, pH 4.5. -Freshly collected gastric juice (60 ml) was cooled to 2 'C and filtered through glass wool to remove food particles. The thiopropyl-Sepharose 6B was added in a small volume of pH 4.5 buffer and the suspension stirred for 2 h. The adsorbant was then washed with pH 4.5 buffer (500 ml), followed by pH 8.0 buffer (500 ml), then packed into a 2 cm x 14 cm column and eluted with pH 8.0 buffer containing 1 mM-DTT and 20 mM-cysteine (200 ml).
Ion-exchange chromatography. The eluate from the affinity column was adjusted to pH 7.0 and applied to a column of (2.5 cm x 40 cm) of QAE-Sephadex A-25 equilibrated with 100 mM-Tris/HCl, pH 7.0, containing I mM-EDTA and 10 mM-2-mercaptoethanol. The column was eluted with a linear gradient of 0-2 M-NaCl, pH 7.0 (1 litre).
Gel filtration. Pooled fractions containing the main peak of proteinase activity were concentrated on a 76 mm YM-10 Amicon ultrafiltration membrane to about 10 ml and applied to a 2.5 cm x 90 cm column of Sephadex G-50 equilibrated with the same pH 7.0 buffer used for ion-exchange chromatography. Pooled active fractions were freed of buffer compounds by ultrafiltration. Purified enzyme was then either freeze-dried or kept in solution at 2 'C for up to 48 h.
Kinetic studies
A Cary 219 spectrometer was used for all kinetic studies. For amidomethylcoumarin substrates a fluorescence attachment was used with a 460 nm filter, an excitation wavelength of 370 nm and a slit width of 3.6 nm. The gain was adjusted so that I /iM-coumarin released-= 100 % fluorescence. For determinations of active lobster enzyme, it was first inhibited with an excess of E-64 [L-trans-epoxysuccinyl-leucylamido(4-guanidino)butane] and the excess determined by titration with papain. Titration with 5,5'-dithiobis-(2-nitrobenzoic acid) (Nbs2) was used to determine papain activity. Active lobster enzyme concentrations were then calculated as the difference between total and excess E-64 concentrations.
All kinetic buffer solutions contained 1 mM-EDTA and 200 mM-NaCl, and were as follows: pH 3.5-5.5, sodium acetate (100 mM); pH 6.0-8.0, sodium phosphate (50 mM); pH 8.5, sodium carbonate (50 mM); and pH 9.0, sodium borate (50 mM).
RESULTS

Purification
From 5 to 10 ml of gastric juice was obtained from each lobster. Protein content varied, but averaged 60 mg -ml-' and 2-3 mg -ml-' for the cysteine proteinase.
Fresh juice was used whenever possible; however, the 440 Digestive cysteine proteinase from American lobster freeze-dried juice could be stored at -20°C and used after long periods without significant loss of activity.
Initially, the proteinase was purified by gel filtration on Sephadex G-50 and ion-exchange chromatography on DEAE-Sephacel columns. It was found that, although EDTA and 2-mercaptoethanol were present in the buffer solutions, enzyme activity declined rapidly and irreversibly, so that recoveries were often less than 1 or 2 % of original activity. Purification of mercuryinactivated enzyme gave similarly low yields.
Significant improvement in recovery was achieved by a more rapid purification procedure using covalent chromatography. The results of purification by this procedure are presented in Table 1 . ThiopropylSepharose 6B (15 g) with 2-thiopyridyl protecting groups was added directly to the cold, fresh digestive juice (60 ml), requiring no pH adjustment to the natural pH of 4.5. Used in a batchwise fashion, this step took about 3 h to complete and gave a 7-fold increase in specific activity with 80 % recovery. Despite the high specificity of the method for cysteine proteinases, at least six bands were visible by SDS/PAGE, although the (Barrett et al., 1982) , its inhibition of the crude and purified lobster digestive proteinase was tested further. With purified enzyme, stoichiometric amounts of E-64 eliminated activity completely. With crude gastric juice, 10-4M-E-64 eliminated 80 % of the total proteolytic activity when the caseinolytic assay was used. Thus most of the proteolytic activity of the digestive juice was associated with the cysteine proteinase. (Table 2) indicated that, like papain, the lobster enzyme has a preference for lysine in the P1 position of the substrate and a low affinity for proline or bulky hydrophobic amino acids (i.e. tyrosine, valine, leucine and isoleucine) in this position. Kinetic constants for the three good substrates Cbz-Lys-ONp, Cbz-Ala-ONp and Cbz-Gly-ONp were determined at pH 6 and 25 'C. The values obtained were: for kcat./Km 310 + 50, 110 + 6 and 8.2+0.3 mm-'s-1, and for kcat. 6.1+0.5, 6.5+0.3 and 1.6 + 0.1 s-' for the lysine, alanine and glycine substrates respectively. For the dipeptide substrates, Cbz-Arg-Arg-7-amido-4-methylcoumarin and Cbz-Phe-Arg-7-amido-4-methylcoumarin at pH 5.0 the specificity constants, Kcat/Km, were 2290 + 250 and 2050 + 20 m-1 * s-' respectively.
Effect of pH and temperature
Using Cbz-Ala-ONp as the substrate, the effects of pH and temperature on the catalytic activity of the lobster proteinase were investigated. The pH-dependency results are shown in Fig. 1 . The continuous line through the kcat/Km data points was drawn by using the equation: 
Amino acid composition
The amino acid analysis of the lobster proteinase is presented in Table 3 together with that of papain. On the basis of an Mr of 28000 calculated from SDS/PAGE amino acid analysis indicates a molecule of 261 residues with an M, of 28 048. Molar ratios of amino acid residues are roughly similar to those of papain, with some notable differences. Papain has almost twice as much tyrosine and less serine and threonine than the lobster enzyme. There is more lysine and arginine in papain, consistent with the difference in overall charge of the two molecules. The pl of papain is at pH 8.8 compared with that of the lobster proteinase at pH 4.5. The molar absorption coefficient of 47 278 at 280 nm was calculated for the proteinase by using the molar absorption coefficients (in mol litre-' -cm-') at 280 nm of tyrosine (1200), tryptophan (5200), phenylalanine (4) and cysteine (150) . N-Terminal sequence The sequence of the first 28 amino acids at the Nterminus is shown in Table 4 , together with the Nterminal region of papain. The recoveries of amino acids identified in the first 18 cycles of the sequencer are presented in Table 5 and represent an average repetitive yield of 98%. Assuming a deletion at position 4, the lobster sequence is identical with papain at 22 of the first 29 positions, corresponding to 7600 identity.
DISCUSSION
Inhibition of the lobster proteinase by metals and cysteine-proteinase inhibitors, in particular the highly specific epoxide E-64, coupled with the protein sequence similarity between the N-terminal regions of the lobster proteinase and papain, conclusively places the lobster enzyme in the papain class of cysteine proteinases. The extent of the N-terminal sequence similarity with papain (7600 of the first 29 residues), although remarkable, is not excessive, given the high degree of sequence conservation in this class of proteinase [e.g., for the first 29 residues, actinidin, stem bromelain and rat cathepsins H and B are respectively 66, 66, 60 and 520 identical with papain ]. Although the significance is not yet clear, it is noteworthy that threonine occupies position 2 in the lobster enzyme, whereas proline is found at this position in all the other known cysteine proteinases that have a high degree of sequence similarity to papain.
The substrate specificity of the lobster proteinase with respect to a series of Cbz-amino acid-ONp species is again similar to that encountered with papain (Lynn, 1983; Brocklehurst et al., 1987) . Despite these similarities, there are several notable differences between the lobster enzyme and papain. The Mr is greater, namely 28000 compared with 23350 for papain. Also, the pl of the lobster enzyme (4.5) is acidic. Although distinctly different from that of papain (pl 8.75), isoelectric points of the cysteine proteinases vary from pl 3.1 to pl 11.7 . A major difference between papain and the lobster enzyme becomes apparent when the pH-activity profiles are compared. As determined kinetically, the lobster proteinase has four apparent protonation states, of which only two are active:
PKa2 PK. (Williams & Whitaker, 1967) . The bell-shaped pH-dependency is defined by two acid pKa values, both near 4, and a single alkaline pKa near 8.5 (Sluyterman & Wijdsnes, 1973; Lewis et al., 1978) . However, Brocklehurst and coworkers [see Brocklehurst et al. (1987) Salih et al. (1987) for the actinidin-catalysed hydrolysis of N-benzoyl-L-arginine p-nitroanilide. For this enzyme-substrate combination, pK8, = 3.1, pK8 = 5.5 and pK8 = 9.7, and the magnitudes of k, and 2 are reversed, i.e. for actinidin k1 < k2 (kI = 2.75 M-1 -s-and k2= 8.5 M-1* s-1). The nature of these kcat./Km-pH profile differences between enzymes of the same class has been discussed by Brocklehurst et al. (1987) ; however, a full understanding awaits further study. Values for kcat./Km with dipeptide coumaride substrates were similar, indicating no significant preference for arginine over phenylalanine in the P2 subsite of the lobster enzyme. It is possible that the charge is not important, and that it is the long aliphatic side chain of arginine and the aromatic ring of the phenylalanine that interact with the binding site.
Owing to its unusual origin and role, a more detailed study of the lobster digestive cysteine proteinase will provide useful data on the variability among cysteine proteinases in general and, in particular, on the effect of pH on activity. The apparent lack of effect of temperature on kcat./Km may be an adaptation of the enzyme for its role in a cold-blooded animal which must function at temperatures that range from 2 to 20°C at different times of the year. Furthermore, the fact that the lobster's ability to digest proteins depends largely on an enzyme that is readily inactivated by heavy-metal ions could be significant in physiological studies of this commercially important species.
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